Gene therapy offers the potential to correct genetic defects, including reproductive defects in men with infertility. The safety of gene therapy for male infertility is a major issue that must be addressed, and the vector employed for gene therapy is of paramount importance. The ideal vector should be immunologically inert, target only cell types with the deficiency, be capable of delivering large pieces of genetic material, inte grate into an exact site in a chromosome or work as an episome, have a mechanism to limit or even destroy the function if necessary, and infect both dividing and nondividing cells. 1 This article will discuss the possible gene therapy vectors for male infertility, and the safety issues involved.
A range of approaches are under development for gene therapy, including chemical methods (e.g. liposomes, microparticles, nanoparticles, microadhesive particles and gels and peptide ligands), mechanical approaches (e.g. gene gun, liquid jet injection, nebulizer and microenhance arrays), physical techniques (e.g. electroporation, sonoporation, magnetofection and laser irradia tion) and biological processes (e.g. bacterial vector, bacterial ghost and viruses). 2 Not all approaches, however, would be useful for male infertility, given their mode of administration and pharmacokinetics. 2 The most commonly used method for gene therapy employs viral vectors. Some retroviral vectors preferentially integrate reverse trans cribed DNA into genes, others into 5' ends of transcription units, while others show no prefer ence. 3 Integration "hotspots", however, have been recognized, such as the region at 11q13. The site of integration may cause adverse and unexpected consequences, as evidenced in a study for children with Xlinked severe combined immunodeficiency. When a murineleukemiavirusbased vector was administered to correct this genetic syndrome, 10-35% of children developed leukemia. The vector integrated in a nonrandom manner to a "dangerous" region of the genome near the LMO2 protooncogene. 4 This process is well recognized, and is termed insertional mutagenesis. Gene therapy with adenoassociated virus (AAV) has also resulted in unanticipated adverse events. A trial with AAV vectors for the treatment of hemo philia B resulted in rises in serum transaminidases, and contamination of semen with the vector. 5 Other problems encountered after viralbased gene therapy have included toxicity and immune and inflammatory responses. The host immune system generates cytotoxic T cells and antibodies to viral proteins, and the transgene itself may be recognized as foreign, with induction of both the humoral and cellular immune response. Each type of viral vector varies in terms of immunogenicity. A notable failure during a phase I trial for gene therapy was the death of Jesse Gelsinger, an 18yearold volunteer with ornithine transcarbamylase defi ciency. 1, 6 He died of a severe immune response to the vector, resulting in fulminate respiratory failure. Two other participants also experienced an adverse reaction, 6 and two primates had pre viously died during preclinical testing. These cases highlight the risk of potential complications from unrecognized genetic variants.
Other concerns with viral vectors include the biodistribution of the vector, which varies by vector and mode of administration. Retroviral vectors are frequently observed in the gonads, and sometimes within the genital tract. 7 Germ line transmission did not occur in the trials discussed above; however, inadvertent vector integration in the germ line could occur: endogenous retro transposon insertional mutations in humans are estimated in about 12% of individuals. 8 This fre quency is higher than the upper limit of insertion events in sperm suggested by the FDA for gene therapy strategies, which is one per 6,000 sperm. 8 Despite these concerns, agents and treatments that modify the germ line genome have been recognized for decades. Chemical and radia tion mutagen exposures have resulted in male mediated germ line modifications in humans, 9 and naturally occurring retrotransposons can genetically alter the germ line 8 in a manner analo gous to retroviral vectors. 10 Furthermore, human germ line genetic intervention has inadvertently V i e W p o i n t 13 Nonviral vectors are not infectious, but deliver plasmids, oligonucleotides or small inter fering RNAs to cells. Usually, they will block or silence expression of defective genes rather than replace them. However, like viruses, some nonviral vectors (e.g. lipoplexes, nanoparticles etc.) induce a rapid immune response, generating high levels of proinflammatory cytokines, which can detri mentally affect sperm function. 14 The toxicity of nonviral vectors is not fully understood, particu larly that of nanoparticles. Free radicals can be generated, inducing inflammatory reactions, with nanoparticles accumulating in the liver, spleen, lymph nodes and bone marrow. 15 Free radicals also adversely affect sperm and can result in geno toxicity, inflammation, nuclear and DNA damage, mitochondrial disruption, protein denaturation and cell apoptosis. Other cytotoxic adverse effects vary according to the size and concentration of the nanoparticles, as well as their composition, solubility and geometry. 15 Another issue with nonviral vectors is delivery: extracellular barriers can prevent delivery of nonviral vectors, or the delivery method could disrupt the blood-testis barrier. Furthermore, the efficiency of nonviral vectors is low compared with viral vectors, although nonviral vectors have the potential to correct disorders where lowlevel expression is sufficient to alleviate symptoms. A problem with all methods of gene therapy is that gene transfer efficiency may vary, resulting in a mosaic state, and in essence only partially correcting the defect. Preimplantation genetic diagnosis could conceiv ably be required to confirm the genetic status of the man's offspring at the embryo stage.
Other approaches to gene therapy, such as arti ficial chromosomes, xenotransplantation and crossspecies transfer of viruses, have potential, but are far from clinical reality. Issues such as unrecognized viral pathogenicity raise concerns for xenotransplatation. 16 The safety of gene therapy for male infertility should be considered in comparison with the safety of currently available treatments. For example, intracytoplasmic sperm injection (ICSI) is a treatment available to some infertile men, but children conceived by ICSI have an increased risk of chromosome abnormalities, birth defects, hormonal dysfunction and epigenetic risks. If a suitable vector could be developed, the genetic abnormalities associated with male infertility could be resolved, and gene therapy could be considered safer than ICSI. This article high lights, however, that a vector that meets all the requirements for safety and efficacy for gene therapy is lacking; until such a vector is available, gene therapy for the treatment of male infertility cannot be considered safe.
